This chapter reviews the observations of the radiative fluxes inside and outside the Venusian atmosphere, along with the available data about the planetary energy balance and the distribution of sources and sinks of radiative energy. We also briefly address the role of the heat budget on the atmospheric temperature structure, global circulation, thermodynamics, climate and evolution. We compare the main features of radiative balance on the terrestrial planets, and provide a general description of the radiative-convective equilibrium models used to study their atmospheres. We describe the physics of the greenhouse effect as it applies to the evolution of the Venusian climate, concluding with a summary of outstanding open issues.
INTRODuCTION
Solar and thermal radiation play a dominant role in many chemical and dynamical processes that define the climate of Venus. In some cases the radiative effects are pushed to their extremes in ways that make Venus unique among the Earth-like planets in the Solar System. The thick cloud layer that completely covers Venus and is one of the main climate forcing factors is a product of a photochemical "factory" that forms sulfuric acid aerosols from sulfur dioxide and water vapor in the middle atmosphere. The strongly scattering clouds reflect more than 75% of incoming solar flux back to space, so that Venus absorbs less solar energy than the Earth does, even though it is only 70% as far from the Sun. Meanwhile, the cloud layer and atmospheric gases produce a powerful greenhouse effect that is responsible for maintaining globally-averaged surface temperature as high as 735 K, the highest among solar system planets. Venus is also remarkably different from the other terrestrial planets in terms of the distribution of energy sources and sinks in the atmosphere. Half of the solar flux received by the planet is absorbed at the cloud tops (~65 km) by CO 2 and the unknown uV absorber. Only 2.6% of the solar flux incident at the top of the atmosphere reaches the surface in the global average. This solar energy deposition pattern drives an unusual global circulation in the form of retrograde zonal superrotation.
This chapter reviews the current knowledge on radiative processes in the Venus atmosphere, including their interaction with atmospheric dynamics and cloud formation, greenhouse effect, as well as their influence on climate stability and evolution. Section 2 gives a synthesis of observations of the radiative fluxes inside and outside the atmosphere. Section 3 summarizes the available data about the planetary energy balance and distribution of sources and sinks of radiative energy. Implications of the radiative heat exchange to the forcing of the global circulation, greenhouse effect, current climate and its evolution are discussed in brief in Section 4. The chapter concludes with a summary of outstanding open issues and the progress expected from the Venus Express mission.
RADIATION FIELD IN AND OuTSIDE THE VENuS ATMOSpHERE: A SyNTHESIS OF OBSERVATIONS
Measurements of the radiation field within and outside of the Venus atmosphere during the past several decades have produced great progress in our understanding of condi-tions on Venus and of atmospheric processes on the planet. Remote sensing observations from ground-based telescopes and orbiter instruments describe the spectral dependence of the solar radiation reflected from the planet as well as the thermal radiation emitted to space. In situ measurements of scattered solar and thermal radiation from descent probes provide constraints on the vertical distribution of radiation within the atmosphere. This section gives a synthesis of the available observations.
Venus as Seen From Space
The spectrum of Venus when observed from space has two components: reflected solar radiation and infrared thermal emission. The first component dominates in the uV through the near-infrared range (0.2-4. µm) over the sunlit hemisphere, while the second one prevails at longer infrared wavelengths (4-50 µm). Figure 1 shows the mean spectrum of each of the two components together with the night side emission spectrum.
Reflected solar radiation and albedo.
Observations of the reflected solar spectrum of Venus are summarized in , Moroz et al. (1985) , and Crisp and Titov (1997) . A major fraction of the incoming solar flux is scattered back to space by thick sulfuric acid clouds that completely cover the planet. Estimates of the Bond albedo vary from 0.8 ± 0.02 (Tomasko et al., 1980b) to 0.76 ± 0.01 (Moroz et al., 1985) . This makes Venus the most reflective planet in the Solar System. The spectral dependence of the Venus albedo is presented in Figure 2 . The albedo curve shows a broad depression in the uV-blue range. At wavelengths below 0.32 µm this absorption can be explained by the presence of SO 2 gas within and above the cloud tops. The absorption at longer wavelengths (0.32 µm-0.5 µm) is attributed to the presence of an unknown absorber in the upper cloud (58-65 km). Variability of the upper cloud structure and abundance of the absorbing species produces the well-known uV markings on the Venus disc with albedo variations of up to 30%. At near infrared wavelengths between 1 and 2 µm, sharp spectral features associated with absorption by CO 2 and H 2 O within and above the cloud tops are clearly seen in the Venus spectrum. At wavelengths longer than 2.5 µm, the Venus albedo quickly drops to a few percent due to strong absorption by sulfuric acid aerosols (Fig. 2) . Above 4 µm thermal radiation emitted by the cloud tops becomes comparable to the reflected solar component and its intensity rapidly increases with wavelength ( Fig. 1) .
Thermal emission from the cloud tops. Even though
Venus has a very high surface temperature, from space it appears quite cold because the sulfuric acid clouds are opaque at wavelengths throughout the infrared and the temperature of the cloud tops varies between 220K and 260K. Venus thermal radiation has been measured both from the ground and from space. The most comprehensive data sets were delivered by the pioneer Venus Orbiter Infrared Radiometer (Taylor et al., 1980) , the Venera 15 Fourier spectrometer (Oertel et al., 1987) , and the NIMS/Galileo infrared mapping spectrometer . Figure 3 shows examples of the thermal infrared spectra of Venus. The spectrum of the planet at thermal wavelengths (5 -50 µm) is close to that of a blackbody at the cloud top temperatures with spectral features mainly belonging to CO 2 , H 2 O, SO 2 , and other gases that absorb at levels within and above the clouds as well as the broad signature of sulfuric acid aerosols. The fundamental absorption bands of CO 2 at 4.3 µm, 4.8 µm, and 15 µm produce the strongest spectral features. These bands have been used to retrieve the temperature and aerosol altitude profiles in the mesosphere (Roos-Serote et al., 1995; Zasova et al., 2007) . The thermal structure of the Venus mesosphere varies strongly with latitude, with polar regions up to 20 K warmer than equatorial latitudes at most pressure levels between the cloud tops and 100 km. The thermal structure varies to a lesser extent with local time. Thermal infrared spectra also show a wealth of weaker gas absorption features belonging to the hot and isotopic bands of CO 2 as well as SO 2 , H 2 O, and CO gases above the clouds and in the upper cloud.
2.1.3
Thermal emission from the lower atmosphere. An efficient atmospheric greenhouse mechanism maintains Venus surface temperatures as high as 735 K. At this temperature, the surface emits substantial amounts of energy even in the near infrared range (1-5 µm). This emission was detected for the first time by the spectrophotometers onboard the Venera landers as an increase in the measured spectra at wavelengths above 0.8 µm. However, the importance of this emission was fully realized only after Allen and Crawford (1984) discovered that thermal radiation from the lower atmosphere leaks to space through partially transparent atmospheric "windows" -spectral gaps between strong CO 2 and H 2 O absorption bands in the near infrared range (0.8-2.4 µm). At these wavelengths the H 2 SO 4 clouds are transluscent: the aerosols are almost purely scattering and have little variability with wavelength. The altitude of the origin of the outgoing thermal radiation is wavelength dependent and varies from the very surface at 1 µm to ~35 km at 2.3 µm. These emissions are 4 orders of magnitude weaker than the reflected solar component (Fig. 1 ) so they can be observed only on the night side. Figure 4 shows examples of the Venus night side spectra measured by NIMS/Gallileo and high resolution spectra of the same spectral "windows" from the ground-based observations (Crisp, 1989; Crisp et al., 1991a,b; Bezard et al., 1990; Meadows and Crisp, 1996; Taylor et al., 1997) . Images of the Venus night side taken in the spectral windows (plate 1) revealed up to factor of 10 in brightness variations that corresponded to variations in cloud opacity between 20 and 40. The discovery of the night side thermal emission provided a powerful remote sensing tool for studying the composition of the lower atmosphere, to map the surface, and to monitor cloud opacity and atmospheric dynamics -tasks achievable only by descent probes before. . NIMS/Galileo near infrared spectrum of the Venus night side. Ground based high resolution spectra of the emission at 1.7 µm and 2.3 µm (from Bezard et al., 1990) are shown in the insets.
Radiation Field Inside The Atmosphere

Scattered solar radiation.
The solar radiation field inside the atmosphere was measured by spectrophotometers on several Venera descent probes (Ekonomov et al., 1983; Moroz et al., 1983) . These observations provided a unique data set for characterizing the angular and spectral distribution of solar scattered light between 0.4 and 1.2 µm from ~65 km down to the surface. Figure 5 shows examples of the Venera-13 spectra. The intensity of solar radiation propagating downwards gradually decreases with altitude. Less than 10% of the radiation that hits the top of the atmosphere reaches the surface and only about 2.5% (~17 W/m 2 ) is absorbed at the ground . Increasing absorption by near-infrared CO 2 and H 2 O bands as well as absorption at the blue end of the spectrum is also evident as the probe descends. Analysis of these data supported the conclusion from ground-based near-infrared observations (De Bergh et al., 1995) that the H 2 O mixing ratio is nearly constant (30 ± 10 ppm) at altitudes between the cloud base and ~16 km but shows a probable increase up to 50-70 ppm in the lower scale height (Ignatiev et al., 1997) .
Vertical profiles of the solar downward and upward fluxes and their divergence provide valuable information about the structure of the atmosphere and solar heating rates. The solar flux radiometer (LSFR) aboard the pioneer Venus Large probe measured solar fluxes during descent in a series of channels covering a broad range from 0.4 through 1.8 µm (Tomasko et al., 1980a) . The Venera-13 and 14 descent probes also carried a photometric experiment to measure the distribution of uV radiation (Ekonomov et al., 1984) . Figure 6 shows the vertical profiles of downward solar fluxes measured by the descent probes. Their altitude derivative is proportional to the extinction coefficient of the scattering medium. These measurements show that uV and blue radiation are strongly absorbed in the upper cloud layer above 57 km. The abrupt change in the broadband radiance at ~48 km clearly marks the location of the cloud base.
To find the global mean net solar flux, numerical models must be used to extend the spectral and spatial coverage provide by the experimental results. Figure 6 shows the results of two models (Tomasko et al., 1980a; Moroz et al., 1985) . The deposition of solar energy occurs at altitudes of positive (Tomasko et al., 1980a, table 8 ) and spectrophotometers onboard the Venera 11, 13, 14 landers (curve 2) (Moroz et al. 1985, table 6-7) . The calculated global mean net solar fluxes are from the pioneer-Venus (curve 3) and Venus International Reference Atmosphere (curve 4) (Moroz et al., 1985) . net flux divergence. The measurements and subsequent radiative transfer modeling reveal two regions where deposition of the solar energy is significant. The first one is located in the upper cloud layer above ~57 km and is possibly caused by the unknown uV absorber and by absorption beyond 3 µm by the H 2 SO 4 cloud particles. The second region is located in the lower atmosphere (40 -20 km) where solar energy is absorbed by CO 2 and H 2 O in the near-infrared and possibly elemental sulfur in the uV-blue range. Surprisingly, almost no absorption of sunlight occurs between 57 and 48 km where the bulk of the cloud layer is located.
Thermal fluxes in the atmosphere.
The vertical distribution of thermal fluxes depends on the profiles of temperature and opacity sources in the atmosphere. The vertical net thermal flux divergence defines the thermal cooling rate which, in combination with net solar heating, determines the radiative energy balance in the atmosphere. Experimental characterization of the thermal fluxes was the goal of three net flux radiometers (SNFR) on the pioneer Venus Small probes (Suomi et al., 1980) and an infrared radiometer (LIR) on the pV Large probe (Boese et al., 1979) . The original data were affected by a significant error whose source was discovered in laboratory testing after the mission was completed. Revercomb et al. (1985) corrected the measurements and analyzed their implications for the cloud structure, water vapor distribution in the lower atmosphere, and radiative cooling. Figure 7 shows the corrected net fluxes at four descent sites and compares them to model calculations for different water abundances below the clouds.
The measured thermal fluxes indicate the presence of an additional either gaseous or particulate source of opacity above 60 km. Below the clouds, the measurements suggest a strong increase of the net flux and its divergence from equator to pole. Because the temperature structure below the clouds varies little with latitude, this trend implies a strong latitude variability of infrared opacity sources. Since sulfur dioxide has fairly low absorption, Revercomb et al. (1985) concluded that the net flux measurements imply a significant latitude trend in the water mixing ratio below the clouds. This conclusion, however, contradicts the results of a recent re-analysis of spectrophotometry on the Venera descent probes (Ignatiev et al., 1997) and observations in the near IR windows (Crisp et al., 1991b; Drossart et al., 1993; de Bergh et al., 2006) which imply an H 2 O mixing ratio of ~30 ppm without significant latitude variability below the clouds. However, the near IR observations show that there is significant spatial variability in the cloud optical depth, with persistently low optical depths at latitudes between 40 and 60 degrees (Crisp et al., 1991b) . The low cloud optical depths at latitudes where the pioneer Venus North probe entered the atmosphere may explain the large thermal net flux divergences near the cloud base inferred from the net flux radiometer results .
The vertical divergence of the measured net thermal fluxes that defines the cooling rate also shows a significant latitude gradient. Comparisons of the thermal flux divergence in Figure 7 with the divergence of solar flux (heating rate) in Figure 6 suggest strong net radative cooling of the lower atmosphere at high latitudes. To maintain the observed thermal structure in the presence of this high latitude cooling, the net atmospheric transport must be descending there.
RADIATIVE ENERGy BALANCE
The measurements described in Section 2 were used to develop models of the distribution of opacity sources and temperatures in the atmosphere. These models were then used to calculate broadband radiative fluxes in and outside the atmosphere, and to assess the distribution of radiative energy sources and sinks. This section summarizes the results of this radiative balance modeling. Revercomb et al., 1985) . Dashed lines show the modeled profiles of the net thermal fluxes for different water vapor mixing ratio (numbers at the curves).
Global Budget
Observations by the pioneer Venus and Venera orbiters and descent probes provided a substantial amount of information about scattering and absorbing properties of the Venus atmosphere. Several comprehensive radiative transfer models consistent with the data were developed at that time (Tomasko et al., 1980a,b; . The authors calculated the global balance of radiative energy and solar heating rates in the atmosphere. The total solar flux at the Venus orbit is 2622 ± 6 W/m 2 (Moroz et al., 1985) . Due to its high albedo the planet absorbs only 157 ± 6 W/m 2 on average, less than that deposited on Earth (~240 W/m 2 ), despite the fact that Venus is 30% closer to the Sun. Both models and observations show that less than 10% of the total solar energy incident on Venus reaches the surface, and only 2.5% is absorbed there. The largest portion of solar energy is absorbed above 57 km by the unknown uV absorber at the cloud tops. This is in contrast with the Earth, where 74% of the solar energy is absorbed directly at the ground (Arking, 1996) .
The outgoing thermal radiation has been characterized by the pioneer Venus Orbiter Infrared Radiometer and the Venera 15 Fourier transform spectrometer (Taylor et al., 1980; Oertel et al., 1987) . These observations were analyzed to retrieve the temperature and aerosol structure of the Venus mesosphere and to calculate the outgoing thermal flux (Schofield and Taylor, 1982; Zasova et al., 2007) . The effective globally averaged effective temperature as measured by pioneer Venus is ~230 K which corresponds to an outgoing thermal flux of ~160 W/m 2 . This value is slightly different from the mean solar flux deposited on the planet but given the uncertainties in both values this discrepancy cannot be interpreted as an indication of global energy imbalance.
Available observations and models quantify the planetary radiation budget (Tomasko et al., 1980b; Schofield and Taylor, 1982) . Figure 8 compares the latitude distribution of solar radiation received by the planet and thermal radiation emitted to space for Venus and Earth. Both planets receive solar energy mainly at low latitudes with the incident flux strongly decreasing toward the poles. Earth has similar trend in latitude distribution of the outgoing thermal radiation. On Venus, however, the outgoing thermal flux is almost constant with latitude indicating that atmospheric dynamics are more efficient in transporting energy from equator to pole.
Distribution of Sources and Sinks
The vertical divergence of the net solar and thermal fluxes the radiative heating and cooling rates in the atmosphere. These sources and sinks of radiative energy force the atmospheric dynamics. Radiative transfer models of the Venus atmosphere have progressed together with the accumulation of observational data Tomasko, 1983) . Tomasko et al. (1985) used an atmospheric radiative transfer model derived from the measurements obtained by the pioneer Venus and Venera descent probes to calculate solar fluxes and heating rates (Figure 9 ).
Subsequently, remote sensing measurements by the pioneer Venus and Venera 15 orbiters significantly improved our knowledge of the temperature and aerosol structure of the mesosphere (Schofield and Taylor, 1982; Zasova et al., 2007) . This inspired extensive numerical modeling of the radiative balance in the Venus mesosphere (Crisp 1986 (Crisp , 1989 Haus and Goering, 1990; Titov, 1995) , summarized by Crisp and Titov (1997) . These studies confirmed that the radiative forcing is very sensitive to atmospheric parameters such as temperature structure, aerosol composition and distribution, Figure 8 . Latitude dependence of the zonally averaged incident solar (blue) and outgoing thermal (red) fluxes (from Schofield and Taylor, 1982) . Similar curves for the Earth are also shown for comparison.
and abundance of trace gases, all of which remain poorly constrained by available observations. Figure 9 shows the vertical profiles of globally averaged cooling and heating rates in the Venus atmosphere. Above the clouds the radiative energy exchange occurs mainly in the CO 2 bands. Both cooling and heating rates gradually decrease from ~50 K/day near the top of the mesosphere (90 km) to few K/day at the cloud tops (70km). Absorption by the unknown uV absorber and the H 2 SO 4 cloud particles above 57 km in the upper cloud creates a heating rate peak of up to 8K/day in the global average. About 10% of the solar energy incident on the top of the atmosphere or half of the solar energy absorbed by the planet is deposited in this altitude range. Radiative cooling cannot compensate for this heating at low latitudes, creating a region of net heating in the upper cloud. Below the clouds (< 48 km), both cooling and heating rates gradually decrease from 0.1-1 K/day at the cloud base to ~0.001 K/day at the surface. Figure 10 shows the altitude-latitude field of net radiative heating calculated for the mesospheric temperature structure retrieved from the pioneer Venus OIR remote sensing data (Crisp, 1989) . The observed thermal structure can be maintained in the presence of the net solar heating at low latitudes and net thermal cooling near the poles if the mesospheric circulation is characterized by rising motion at low latitudes, poleward flow near the mesopause (~100 km) and subsidence over at high latitudes (Crisp, 1986) .
Measurements of scattered solar radiation below the clouds Ekonomov et al., 1984) indicate that the atmosphere at these levels is only slightly heated by absorption of sunlight in weak near-IR CO 2 and H 2 O bands and by additional uV absorption. Thermal infrared fluxes and cooling rates in the lower atmosphere are very poorly constrained by the observations and the models. Although Revercomb et al. (1985) managed to correct the pioneer Venus thermal flux measurements, the error bars are still quite large such that these results should still be used with caution in thermal balance studies. Spatial variability of the cloud opacity, which can be as large as a factor of 2 (20 to 40), can also cause significant variations of thermal radiative forcing at levels within and below the clouds affecting the local temperatures and heat fluxes . For example, the temperatures measured by the Vega-1 balloon were systematically by 6.5 K higher than those observed by Vega-2 at similar levels within the middle cloud region at equatorial latitudes (Linkin et al., 1986; Crisp et al., 1990) . The amplitude of this zonal temperature contrast was surprising because it is almost as large as the pole to equator gradient at these levels. This phenomenon can be explained if Vega-1 balloon flew in a denser cloud that was heated more strongly as it absorbed upwelling thermal flux from the deep atmosphere .
ROLE OF RADIATION ON THE CLIMATE AND EVOLuTION OF VENuS
Radiation plays an important role on the physical and chemical processes on Venus due high density of its atmosphere, great amount of radiatively active species, and peculiarities of the energy deposition pattern. This section gives a brief summary of these implications and compares Venus to the other terrestrial planets.
Radiative Forcing of the Atmospheric Circulation
Remote sensing by the pioneer Venus and Venera-15 orbiters revealed significant latitudinal variations in the mesospheric temperature and cloud structure (Taylor et al., 1980; Lellouch et al., 1997; Zasova et al., 2007) . The vertical structure of temperature and aerosols in the upper cloud layer (58-70 km) also vary with latitude. In particular, the aerosol scale height at the cloud tops decreased from equator to the "cold collar" at 60-70 N, with simultaneous development of a strong temperature inversion in this region (plate 2).
Estimates of the net radiative forcing have been combined with measurements of the anomalous thermal structure to infer several interesting features of the mesospheric dynamics (Crisp, 1986 (Crisp, , 1989 Haus and Goering, 1990; Titov, 1995; Crisp and Titov, 1997) . First, radiative transfer models confirmed that the mesospheric temperature contrasts between equator and pole indicate that these regions are in strong radiative disequilibrium. Radiative energy transport would have quickly destroyed this feature; its persistence therefore implies significant meridional heat transport by the global circulation. A meridional circulation could produce adiabatic cooling in its rising branch at low latitudes and compressional heating in a descending polar branch. Crisp (1989) found that subsidence velocities of ~1cm/s were needed to produce adiabatic heating large enough to compensate for radiative cooling.
Measurements of the mesospheric temperature structure have also been used to infer the zonal circulation at theses levels (Lellouch et al., 1997; Zasova et al., 2007) and to correlate it with the net radiative heating pattern (plate 2). If the zonal winds at these levels remain in cyclostrophic balance (e.g. the latitudinal pressure gradient is balanced by centrifugal force in the zonal circulation), the observed temperature structure indicates that the superrotating cloud top zonal winds should decay with altitude. It also suggests the presence of a strong jet stream with wind velocities of 120-140 m/s near the cloud tops at mid-latitudes (50-60 degrees), the transition region between net heating and cooling (plate 2).
Both pioneer Venus OIR and Venera-15 observations indicated the existence of a solar-locked component in the mesospheric temperature field, the diurnal and semi-diurnal thermal tides (Taylor et al., 1983 , Zasova et al., 2007 . The peak velocity of the mid-latitude, cloud-top thermal wind jet was found to vary by 10-20% in correlation with local solar time thus indicating the importance of radiative forcing. Theoretical and numerical studies showed that thermal tides play an important role in the maintenance of strong zonal winds in the mesosphere (Forbes, 2004) .
The third peculiarity of the Venus radiative balance that has implications for atmospheric dynamics is the vertical distribution of radiative heating. As noted above, on Venus, most of the solar energy is deposited in the upper cloud (>57 km) rather than at the surface. This makes Venus a special case among terrestrial planets because its atmosphere is heated from the top while the atmospheres of Mars and Earth receive most of their solar energy at the surface. This helps to explain their radically different global dynamics, however the details of these circulations remain an open issue.
Global Balance of Radiative Entropy
Radiation carries not only energy but also entropy. Its flux is proportional to that of the radiative flux divided by the temperature at which energy is deposited or emitted. Since heating by solar radiation and cooling by thermal emission occur at different altitudes and temperatures, planets have non-zero (usually negative) balance of radiative entropy. This flux is balanced by the entropy production in the irreversible (dissipative) processes such as viscous and turbulent dissipation, phase transitions, and precipitation. The radiative entropy flux can be estimated from the radiative energy balance and is a measure of cumulative effect of all dissipative processes on a planet.
The radiative energy balance in the Venusian atmosphere is described in section 3. Figure 11 shows a sketch of the global mean budgets of energy and entropy on the planet. At the cloud level Venus receives ~ 400 mW/m 2 /K of entropy from solar radiation and looses ~ 600 mW/m 2 /K from thermal emission. A relatively small amount of energy and entropy is delivered to the lower atmosphere and the surface by the solar flux (Figure 11 ). The net global mean budget of radiative entropy on Venus is about -100 mW/m 2 /K.
Comparison of the entropy budget on Venus with that on Earth can shed light on the differences in irreversible processes on both planets. Goody (2000) assessed their effect on Earth. The total mean flux of radiative entropy on Earth is about -60 mW/m 2 /K. Viscous and turbulent dissipation, water phase transitions and precipitation were found to be the main sources of entropy on Earth (Goody 2000 , Renno 2001 ). The Venus dry climate suggests negligible role of the dissipative mechanisms associated with transport, phase transitions of water and precipitation. Observations suggest rather weak turbulence within the cloud layer with eddy diffusion coefficient of 10 4 -10 3 cm 2 /s (Kerzhanovich and Marov, 1983) and corresponding entropy production not exceeding 1 mW/m 2 /K. Thus, the entropy sources and sinks on Earth are quite different from those on Venus. However, the role of large scale dynamics, chemical reactions, and cloud processes on the Venusian entropy budget still needs to be studied.
Another difference between the entropy balances on Earth and Venus is the vertical distribution of the radiative sinks and sources of entropy. Earth receives solar energy and entropy mainly at the surface and emits them to space mostly from the atmosphere (Renno and Ingersoll, 1996; Renno, 1997; Goody, 2000) . On Venus the sources of radiative entropy at the surface and in the lower atmosphere represent only 20% of the total balance (Figure 11 ). The largest sinks and sources of radiative entropy on Venus are both located in the upper cloud deck.
General principles of dynamical system when applied to the Venus climate can lead to interesting, although so far qualitative, conclusions. Nonlinear dynamics shows that the emergance of higher levels of order in dissipative systems that exchange energy and entropy with environment is typical of both hydrodynamics (e.g., Rayleigh-Benard convection) and chemistry (e.g Zhabotinsky reaction) (prigogine, 1980) . Strong external forcing can push such systems to a stationary state that is far from thermodynamic equilibrium and which is characterized by the maximum entropy production (MEp). The MEp principle was applied to planetary atmospheres and successfully predicted such general parameters of the Earth climate as surface temperature, cloud coverage, meridional energy transport (paltridge, 1975; Grassl, 1990 ) and equator-to-pole temperature contrasts (Lorenz et al., 2001) . Venus gives another example of such systems. The general circulation is in steady but strongly non-equilibrium state. The super-rotating Venusian atmosphere (Gierasch et al., 1997) has rather high level of organization and, thus, low entropy maintained by energy and entropy exchange with the Sun and space. However, a detailed analysis of the Venus climate based on these principles is still awaited.
Greenhouse Effect
The planets receive solar energy in the ultraviolet, visible, and near-infrared spectral ranges, in which their atmospheres are relatively transparent. The surface and the lower atmosphere get rid of the absorbed energy by emitting radiation at infrared wavelengths. Strong absorption bands of gases and aerosols trap the heat in the lower atmosphere that results in raising the surface temperature. This process is referred to as the atmospheric greenhouse effect. The larger the infrared opacity, the higher surface temperature is required to balance the incoming solar flux. The difference between the actual surface temperature and the effective temperature of the planet without an atmosphere is a measure of the greenhouse effect. Its value reaches ~500 K on Venus, which is by far the largest on the terrestrial planets.
Bullock and Grinspoon (2001) used a one-dimensional, two-stream radiative model to calculate the globally averaged temperature structure of the Venus atmosphere, study its sensitivity to various model parameters, and possible evolution with time. Gaseous opacities were obtained from the correlated-k coefficients (Goody et al., 1989) for the nine radiatively active gases (Fig. 12) with line parameters taken from the HITRAN (Rothman et al., 1998) and HITEMp (Wattson and Rothman, 1992 ) spectral databases. CO 2 (Moskalenko et al., 1979) and H 2 O continuum opacities (Liou, 1992) were included, as were Rayleigh scattering by CO 2 and N 2 (van de Hulst, 1981) . Absorption and scattering in the clouds was calculated assuming spherical particles in the globally-averaged cloud model based on the pioneer Venus measurements (Knollenberg and Hunten (1980) ). The lower atmosphere is opaque at infrared wavelengths, CO 2 being the principal source of absorption at wavelengths near 2.0, 2.7, 4.3, 4.8, 5.2, and 15 microns. Water vapor, SO 2 , CO, and the H 2 SO 4 clouds provide the primary sources of opacity between these bands thus strongly affecting the energy balance of the atmosphere (plate 3). The most significant windows between CO 2 bands are between 1-1.2 µm, where only H 2 O absorbs, at 1.7 µm where HCl and CO are also detectable, and between 2.2 and 2.5 µm, where absorption by CO and SO 2 may be seen. Because absorption by these species occurs between bands of the major absorber, CO 2 , changes in their abundance have a large, disproportionate influence on the Venus greenhouse effect. For instance, the water vapor mixing ratio on average is only 30 ppm, but it contributes about 70 K to the greenhouse effect due to absorption bands at 1.4, 1.9, and 2.5 µm. Therefore natural variations of the atmospheric water abundance have a significant effect on the surface temperature. To a lesser extent than water, perturbations to atmospheric sulfur gas abundance can be expected to alter the efficiency of the Venus greenhouse effect.
By subtracting out one atmospheric absorber at a time and re-calculating the thermal fluxes and the equilibrium state of the atmosphere we obtain the contribution of each constituent to the greenhouse effect (Table) .
Contributions of the atmospheric components are not additive because of strong overlap between the absorption bands. Thus, the cumulative contribution of all opacity sources in the table exceeds the observed greenhouse effect. These numerical experiments take into account only changes in the atmospheric opacity due to removal of each trace gas, but neglect their effect on cloud formation. For instance, removal of sulfur dioxide as an optical agent from the model only marginally affects the greenhouse effect (Table) , while actual removal of this gas from the atmosphere would cause the disappearance of the clouds. This would in turn reduce the greenhouse effect due to infrared scattering within the clouds, along with a decrease in the planetary albedo. The implications of this kind of change for the surface temperature, with competing albedo and greenhouse forcing, is not obvious without detailed calculations. The surface temperature sensitivity of a fully coupled radiative/convective and cloud microphysical model to the variations of water vapor and sulfur dioxide abundance is discussed in detail by Bullock et al. (2007) .
The greenhouse effect also acts on Mars and Earth, although it results in less dramatic changes in surface temperature. On both planets it is mainly due to the presence of H 2 O and CO 2 in the atmosphere and reaches few degrees on Mars and 30-40K on Earth. Although the greenhouse effect on our planet is rather moderate it is obviously responsible for maintaining surface temperature above the freezing point and climate conditions comfortable for life. Without the greenhouse effect the mean temperature would fall to ~ -20C, ocean would freeze, and life would become impossible. Since the conditions on the terrestrial planets and especially the amount of CO 2 and H 2 O in the atmosphere could have varied over the geological history the greenhouse effect could have played more important role in the past (see section 4.5).
Radiative-convective equilibria in Earth-like atmospheres.
Complex and poorly understood feedbacks makes planetary climate modeling a difficult endeavor. One-dimensional (1-D) radiative-convective equilibrium (RCE) models Figure 12 . A model of globally averaged chemical abundances of the radiatively active gases in the Venus atmosphere based on the pioneer Venus and the ground-based observations. N 2 is also present, as the second most abundant gas in the Venus atmosphere, with constant mixing ratio of 0.0365 (Oyama et al. 1980) . . False colours mark variations of brightness produced by spatial inhomogeneity of the total cloud opacity.
Plate 2. Latitude-altitude fields of physical parameters in the mesosphere of Venus. Black and green curves, respectively, are the isolines of atmospheric temperature (in K) and thermal wind field (in m/s) derived from the Venera-15 remote sounding experiment (Lellouch et al., 1997) . Dotted line shows the cloud top altitude (Zasova et al., 2007) . pink and blue areas mark the regions with net radiative heating and cooling whose maximum/minimum values reach ±10 K/day .
Plate 3. Spectral line intensities as a function of wavelength in microns, for CO 2 (green), H 2 O (blue), CO (red), SO 2 (orange) and HCl (purple). Line intensities are from the HITRAN 2004 data base (Rothman et al., 2005) and do not reflect their weighting due to mixing ratios in the Venus atmosphere.
are useful for studying the atmospheric heat budget, vertical structure, and radiation-climate feedbacks. These models calculate the vertical temperature profile that results from the balance of radiative, convective, and diffusive heat fluxes. The atmospheric composition is usually assumed to be constant, except that the amount of condensates such as water vapor are assumed to depend on temperature. In general, radiative-convective models perform detailed calculations of the radiative and convective heat flux throughout the atmosphere.
Radiative-convective models have been widely employed to study the temperature structure of the atmosphere of the Earth and other planets, as well as their sensitivity to changes in composition, clouds, and solar radiation flux, and the stability of the equilibrium solutions (Manabe and Strickler 1964; Komabayashi, 1967; Ingersoll 1969; Rasool and de Bergh, 1970; pollack, 1971; Kasting, 1988; Abe and Matsui, 1988; Nakajima et al., 1992; Renno, 1997; Bullock and Grinspoon 2001; Sugiyama et al., 2005) . The principal advantage of these models is their simplicity and efficiency. The major drawback of 1-D RCE models is their inability to explicitly calculate the feedbacks between the horizontal heat transport and the temperature structure. Three-dimensional global circulation models are needed to simulate these interactions.
Significant efforts have been made in understanding the behavior and stability of the climate of Earth-like planets with respect to variations in incoming solar radiation. In particular, most studies have focused on the role of water vapor, a strong greenhouse gas whose atmospheric abundance is strongly dependent on temperature. Although these studies are for hypothetical planets with infinite supply of water vapor, they shed light on the climate evolution and the history of water on Earth, and on early Venus because it most likely had significant water reservoirs in the past (Donahue et al., 1997) . Simpson (1927) pointed out that atmospheres dominated by water vapor should have limited ability to emit radiation to space. If the solar forcing (i.e. solar radiation flux deposited at the surface) exceeds a critical value the atmosphere cannot balance the incoming energy and equilibrium is not possible. Komabayashi (1967 ), Ingersoll (1969 and Rasool and de Bergh (1970) investigated the role of solar flux on the radiative-convective equilibrium of Earth-like atmospheres with large water reservoirs. Komabayashi (1967) and Ingersoll (1969) used grey models to calculate radiative transfer and an analytic analysis of the thermodynamics of water to study the conditions for radiative-convective equilibrium. The presence of a reservoir of condensable infrared absorber like water substance makes the opacity of the atmosphere dependent on surface temperature. This produces a positive feedback in the system; increases in the surface temperature causes increases in the amount of atmospheric water vapor that further heat the surface. Komabayashi (1967) and Ingersoll (1969) independently discovered that in such atmosphere equilibrium between phases is impossible when the solar flux exceeds a critical value of about 385 W/m 2 (the Komabayashi-Ingersoll limit). Below this value, the condensable atmospheric component can be in equilibrium with large surface reservoirs such as an ocean. Such an atmosphere can radiate only a limited amount of energy to space because its total opacity is large and only energy emitted by the relatively cold tropopause can escape to space. If the solar flux exceeds the critical value, the heat that cannot be radiated away is used to evaporate the surface reservoir and increase its concentration in the atmosphere. This state of disequilibrium is known as "the runaway greenhouse."
Although the grey radiative equilibrium models described above demonstrate the principal behavior of an atmosphere with positive water vapor feedback, they do not take into account the spectral properties of water vapor, as well as the transport of heat and water substance by atmospheric convection. pollack (1971) developed a non-gray radiative equilibrium model and studied the influence of clouds on its solutions. Later Kasting et al. (1984) and Kasting (1988) used a non-grey radiative-convective model with moist convective adjustment to calculate the temperature and water vapor profiles as a function of the solar heat flux for an Earth-like atmosphere. Neglecting cloudiness, they estimated that the critical solar flux required to initiate the runaway greenhouse of the type envisioned by Komabayashi and Ingersoll is about 1.45 the present flux value on Earth. This corresponds to the solar flux at the orbit of Venus about 4 billion years ago, when the Sun was 30% fainter than today (Sagan and Mullen, 1972) . However, Kasting et al. (1984) and Kasting (1988) suggested that a slightly subcritical Venus, with hot oceans and a wet stratosphere existed before this time. They used the term "moist greenhouse" to distinguish this steamy regime from "the runaway greenhouse". Renno et al. (1994a, b) and Renno (1997) studied the stability of moist atmospheres with a non-gray radiative-convective model and an explicit hydrological cycle for the first time. They showed that adequate representation of the vertical transport of infrared-active volatiles such as water vapor is crucial for accurate climate simulations. Recently Sugiyama et al. (2005) examined how relative humidity affects the thermal emission of radiation to space and the existence of multiple equilibria. According to Renno (1997) the radiative-convective equilibrium conditions of moist atmospheres can be expressed in terms of four critical net solar forcing values. For net solar flux smaller than F 1 ≅ 275 W/m 2 the equilibrium is unique. This case corresponds to a cold and optically thin atmosphere with small amounts of water vapor and direct emission of radiation to space by the surface. For net forcing between F 1 and F 2 ≅ 290 W/m 2 two equilibria can occur. Sugiyama et al. (2005) attributed this bifurcation to the feedback between relative humidity and temperature. Either multiple equilibria or runaway greenhouse can occur when the net solar radiation flux is between F 2 and F 3 . Moreover, a runaway greenhouse can be caused by a finite amplitude instability when the solar forcing exceeds F 2 , depending on the amplitude and duration of the perturbation. Finally, a runaway greenhouse always occurs when the net solar radiation flux is above F 4 ≅ 310 W/m 2 . These critical values are much smaller than the classical value for a runaway greenhouse predicted by Komabayashi (1967) and Ingersoll (1969) .
It follows from the above that there are two distinct physical mechanisms that limit the amount of radiation emitted by hypothetical planets with Earth-like atmospheres with a condensable greenhouse active agent such as water vapor. The first mechanism arises in the upper atmosphere when the temperature structure is determined by radiative equilibrium. It is referred to as the Komabayashi-Ingersoll or stratospheric limit (Renno 1997; Sugiyama et al. 2005) . The second mechanism arises in the troposphere where convection is responsible for maintaining the temperature structure (Simpson,1927; Kasting, 1988; Nakajima et al., 1992) . It is referred to as the tropospheric limit. Its value is much smaller than the stratospheric limit (Fig. 13) . Nakajima et al. (1992) returned to a simple gray model and provided a clear interpretation of both limits and studied the conditions in which the transition between them occurs. When the atmosphere is optically thick (τ >> 1) in the thermal infrared, the emitted flux is defined by the atmospheric temperature profile at the level τ ~ 1 and does not depend on surface temperature. The temperature lapse rate of an atmosphere in radiative equilibrium is larger than that of an atmosphere with moist convection. This difference in temperature lapse rate and consequently in the distribution of the temperature-dependent absorber causes the difference between the two limits. Runaway greenhouse occurs when the net solar radiation flux is above the tropospheric limit, the lower of the two. A bifurcation takes place and leads to two linearly stable climate equilibria when the net solar radiation flux is between these two other limits (Renno, 1997) . This is not a surprise because existence of multiple equilibria is typical of non-linear dynamical systems.
Studies of Earth-like planets with water vapor as the major condensable greenhouse gas are relevant to the evolution of the climate of Earth and early Venus. The global mean solar flux reaching the top of Venus' atmosphere (625 W/m 2 ) significantly exceeds both the tropospheric and stratospheric limits and suggests that the runaway greenhouse might have played an important role of its evolution. Rasool and de Bergh (1970) argued that any Venusian surface water reservoir would have boiled early in its history. The results of Nakajima et al. (1992) , Renno (1997) and Sugiyama et al. (2005) also suggest that both multiple climate equilibria and a runaway greenhouse could have occurred on early Venus.
The two radiative-convective equilibria solutions found by Renno (1997) (Fig. 13) can be interpreted in the framework of a convective heat engine driven by exchange of radiative heat between an energy source (the Sun) and an energy sink (space). The first solution corresponds to an optically thin atmosphere. In this regime, the climate system is in a state of weak dissipation. Renno (1997) argues that this solution corresponds to the weakest natural heat engine possible within the constraints of moist convection and a given value of the solar forcing. Solar radiation is mainly absorbed at the surface, while the bulk of the emission of radiation to space originates on the warm surface and lower troposphere. The entropy flux is minimum because energy is absorbed and emitted at relatively similar temperatures. The convective layer is shallow and the thermodynamic efficiency is small. Figure 13 . Dependence of the surface temperature on the solar net forcing for the moist atmosphere (after Renno (1997) This regime is stable to finite amplitude perturbations when increase in the atmospheric opacity leads to increase in emission of radiation to space.
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The second equilibrium corresponds to an optically thick atmosphere. The convective layer is relatively deep and the thermodynamic efficiency is large. Renno (1997) argues that this second regime is highly nonlinear and is in a state of maximum dissipation. Moreover, he argues that it corresponds to the most powerful natural heat engine possible within the constraints of moist convection for a given solar forcing value. In this regime, the atmosphere's opacity to infrared radiation is the largest. The bulk of the emission of radiation to space originates in the cold upper troposphere. The entropy flux is maximum because energy is absorbed at warm temperatures in the deep atmosphere and emitted at relatively cold temperatures from the cloud tops. Knowing the spectral distribution of the energy emitted by Venus can give us insights into its climate equilibrium. Indeed, it can indicate whether Venus could have reached either the stratospheric or the tropospheric limit for a runaway greenhouse.
Greenhouse Effect and Climate Evolution
The greenhouse effect seems to have played an important role in the evolution of the atmospheres on all terrestrial planets and, in particular, on Venus. Theories about the planets formation suggest that the neighboring planets Earth, Mars and Venus received similar amounts of water during their formation (Ip and Fernandez, 1988) . However, the atmosphere of Venus currently has about 100,000 times less water than the oceans and atmosphere of the Earth and is strongly enriched in deuterium. The measurements on Venus give D/H = 150 ± 30 of the terrestrial value (Donahue et al., 1997; de Bergh et al., 2006) . This suggests that Venus lost most of its water at some time in the past. The efficiency of escape depends strongly on the amount of hydrogen and deuterium in the upper atmosphere. The important result of the radiative-convective models of the early Venus atmosphere is that the greenhouse mechanism efficiently forces water into the stratosphere, where solar uV photons readily dissociate H 2 O molecules thus creating favorable conditions for hydrogen escape. The hydrodynamic escape is rapid enough to eliminate a large ocean in less than 600 million years (Kasting, 1988) .
Current Venus climate is a system with complex feedback between radiative effects, cloud formations processes, and surface-atmosphere interactions with water vapor and sulfur dioxide playing the key role in this balance. Bullock and Grinspoon (2001) used their RCE model to study sensitivity of the Venus climate to perturbations in these species due to global resurfacing event that assumed to have happened several hundreds millions years ago (McKinnon et al. 1997 ).
The Venus climate appears to be stable within broad range of H 2 O mixing ratios. However, at about 50 times the current abundance the enhanced water greenhouse begins to warm the atmosphere, evaporating and thinning the clouds from below. This reduces the albedo, further warming the atmosphere, and further evaporating the clouds. This positive feedback destroys the massive H 2 SO 4 /H 2 O clouds and replaces them with thin, high water-rich clouds that makes the surface temperature increase to about 920 K. Further increases in atmospheric H 2 O content do not increase surface temperatures substantially, mostly because they does not enhance the greenhouse effect as much as before, and also because the high water clouds become thicker and more reflective, offsetting the greenhouse effect. Thus, the Venusian climate reaches equilibrium with surface temperatures limited to about 920 K, over a wide range of atmospheric water abundance. If either H 2 O or SO 2 abundance fall below 0.5 ppm the clouds also disappear but the surface temperature stabilizes at ~700 K (Bullock et al., 2007) .
OpEN ISSuES AND pERSpECTIVES
Observations, numerical modeling and theoretical studies have all revealed the extremely important role that radiation plays in various processes on Venus, both now and early in its history. The large opacity of the atmosphere and the presence of great amounts of radiatively active gases and aerosols gives Venus its unique place among the terrestrial planets. The greenhouse mechanism has clearly been very effective in forming the current and early climate on Venus, while the peculiar distribution of the radiative energy sinks and sources drives the remarkable super-rotation of the entire atmosphere. Chemical interactions between different gaseous and aerosol species and the importance of non-linear feedbacks make the Venus climate a very complex system. previous investigations of radiation in the Venus atmosphere provided a general understanding of the distribution of fluxes, sources and sinks of radiative energy, and of the radiative forcing of the atmospheric dynamics and climate. At the same time they left a great number of unsolved problems. One of the most important open issues in this field is the variability of atmospheric properties such as the abundance of radiatively active gases, cloud microphysical and optical properties and total opacity, and the influence of these on the energy balance. The second problem concerns the radiative forcing of the atmospheric global circulation. How does the distribution of the sources and sinks of radiative energy drive the atmospheric dynamics? The thermodynamics of the Venus atmosphere is the third issue needing to be clarified and quantified. New studies of the fluxes and balance of energy and entropy, the role of dissipative processes and efficiency of the Venus heat engine will help us to understand the Venus climate-forming mechanisms. The forth open question concerns the role of radiation in the evolution of the Venus atmosphere, the early greenhouse effect and the loss of water from the planet, as well as recent climate perturbations during global resurfacing. Resolving these open issues in Venus physics would result in significant progress in comparative planetology and climatology of the terrestrial planets in general and in the study of the Earth's climate evolution in particular.
Future work will require a combination of new observations, laboratory studies, numerical modeling, and theoretical investigations. Remote sensing of the Venus mesosphere will provide the global temperature and aerosol structure, distribution and variations of the radiatively active gases, and characterize the aerosol properties and total cloud opacity with complete latitude and local time coverage. Observations of the night side in the near-IR transparency "windows" from orbit will provide access to the composition and cloud properties in the middle and lower atmosphere-the regions that had been so far reachable by descent probes only. Measurements of the reflected solar and outgoing thermal fluxes from orbit are required to quantify the details of energy and entropy budgets.
While the remote sensing observations from orbit provide global coverage, the details of the atmospheric properties and especially their vertical distribution require in-situ measurements. The first priority here is the characterization of the aerosol population including number density, particle size distribution and optical properties as well as their chemical origin. Special attention should be paid to the identification of the unknown uV absorber due to its important role in the radiative balance. Accurate measurements of the vertical profiles of the radiatively active gases and their spatial variations are important for development of the models of the Venus greenhouse. Vertical profiles of the radiative heat fluxes are poorly known and new in-situ observations are required. And finally, precise measurements of the vertical profiles of atmospheric temperatures in the deep atmosphere would constrain models of the Venus greenhouse and to determine the regions of convective stability.
The Venus lower atmosphere is an example of an extreme environment. The spectral properties of the atmospheric gases at such conditions must be measured in laboratories to support the analysis of remote and in-situ measurements and state-of-the-art radiative transfer models to study the radiative energy balance and forcing of the global circulation and climate and their sensitivity to the variation of the atmospheric optical properties.
The Venus Express spacecraft that began orbital operations on April 11, 2006 (Svedhem et al., 2007) carries a powerful suite of spectral and imaging instruments that aims at a global study of the structure, composition and dynamics of the Venus atmosphere and plasma environment. A versatile program of orbital observations includes global monitoring and close-up imaging of atmospheric phenomena, solar, stellar and Earth radio occultation to study the structure and composition of the atmosphere, and in-situ measurements of neutral atoms, plasma, and the magnetic field (Titov et al., 2006b ). The mission is planned for the period of 2 Venus sols (500 days) with a possible extension for two more sols. More details about how the Venus Express mission contributes to Venus research can be found in Titov et al. (2006a) and Taylor et al. (2007) . The remote sensing investigations of Venus will be continued by the Japanese planet-C mission to be launched in 2010 (Imamura et al., 2006) . This mission will focus on Venus meteorology and will carry out long-term monitoring of the dynamics of the atmosphere from orbit by a suite of five cameras exploiting different spectral ranges and windows to get access to different levels in the atmosphere.
Although it is anticipated that Venus Express and planet-C will provide a global survey of the Venus atmosphere and circumplanetary plasma, these missions have the limitations inherent to remote sensing methods. The next logical step is in-situ studies by descent probes and balloons that will investigate the composition and microphysical and optical properties of the clouds, as well as measure the fluxes of solar and thermal radiation within the atmosphere. Although no such investigation is so far approved by the world's space agencies, the science goals, payloads and possible space platforms are well identified and are well within current technological capabilities (Crisp et al., 2002; Chassefiere et al., 2002; Baines et al., 2007) .
